Contamination of agricultural soil with heavy metals has become a serious concern worldwide. In the present study, Cr 6+ resistant plant growth promoting Pseudomonas sp. (strain CPSB21) was isolated from the tannery effluent contaminated agricultural soils and evaluated for the plant growth promoting activities, oxidative stress tolerance, and Cr 6+ bioremediation. Assessment of different plant growth promotion traits, such as phosphate solubilization, indole-3-acetic acid production, siderophores, ammonia and hydrogen cyanide production, revealed that the strain CPSB21 served as an efficient plant growth promoter under laboratory conditions. A pot experiment was performed using sunflower (Helianthus annuus L.) and tomato (Solanum lycopersicum L.) as a test crop. Cr 6+ toxicity reduced plant growth, pigment content, N and P uptake, and Fe accumulation. However, inoculation of strain CPSB21 alleviated the Cr 6+ toxicity and enhanced the plant growth parameters and nutrient uptake. Moreover, Cr toxicity had varied response on oxidative stress tolerance at graded Cr 6+ concentration on both plants. An increase in superoxide dismutase (SOD) and catalase (CAT) activity and reduction in malonialdehyde (MDA) was observed on inoculation of strain CPSB21. Additionally, inoculation of CPSB21 enhanced the uptake of Cr 6+ in sunflower plant, while no substantial enhancement was observed on inoculation in tomato plant.
. In this regard, an alternative approach "Bioremediation" has gained greater insight for cleanup of polluted sites due to its cost-effective and environmental friendly nature 10 . For an effective remediation, microbes in the metal polluted environment must cope up with the heavy metal stress 11 . The bacterial strains are able to tolerate heavy metal stress by several resistance mechanisms, including complex formation with thiol-containing molecules, active efflux system, immobilization/mobilization of heavy metals, extra or intracellular sequestration, and conversion of highly toxic form of compounds into less toxic 12, 13 . Synergistic associations of plants with metal resistant plant growth promoting rhizospheric (PGP) bacteria offers great potential for remediating contaminated soils 14 . PGP bacteria play a crucial role in alleviating the metal toxicity and exert ameliorating effects on plant growth and mineral uptake 15 . These rhizospheric bacteria promote plant growth through mineral phosphate solubilization, nitrogen fixation, indole-3-acetic acid, siderophores, hydrogen cyanide, and ammonia production 16 . These microbes inhabiting the plant rhizosphere are essential to phytoremediation process due to their effects on enhanced biomass production, plant growth, anti-oxidative enzymes, and metal tolerance ability. Application of selected rhizospheric bacteria can simultaneously increase metal phytoavailability, and reduce toxicity, allowing the plant to produce more biomass and accumulate large amount of metals 11 .
The main objective of the present work was to study the Cr 6+ bioremediation using PGP bacterial isolate. The PGP activities of the bacterial isolate were also examined in a pot scale experiment. The potential Cr 6+ resistant bacterial strains were isolated from the contaminated agricultural soils and their PGP traits were determined. It was hypothesized that the inoculation of Cr resistant bacteria with PGP activities can enhance the growth of test plants along with increase in phytoextraction potential under stress conditions due to increase in nutrients and mineral uptake in correlation with the induction of anti-oxidative enzyme production.
Results
Analysis of soil samples. The physico-chemical characteristics of the soil samples are described in Supplementary 
PGP traits of the isolates under Cr
6+ stress. The phosphate solubilizing ability of the Cr 6+ resistant isolates was studied over a period of 120 h by monitoring a drop in pH and available phosphorus in the culture medium. In our study, a substantial decrease in the amount of P solubilized by the isolates was observed to increase in the concentration of Cr 6+ in the culture media (Table 1) . However, maximum solubilization was observed with the isolate CPSB21. The solubilization potential and drop in pH of the isolate CPSB21 is shown in Fig. 1 .
Production of siderophores by the isolates was qualitatively analyzed on a CAS agar plate. The strains produced halo-zone on the CAS agar plate amended with Cr 6+ in different concentrations. This shows the potential of the strain for siderophores production under stress conditions. The isolate CPSB41 showed maximum zone formation ( Table 1) .
The ability of the isolates to produce IAA was determined. Maximum IAA production was obtained with the isolate CPSB6 which decreased with increase in Cr 6+ concentration (Table 1) . Moreover, NH 3 and HCN production by different isolates was variable under Cr 6+ stress. Assessment of different PGP traits revealed isolate CPSB21 as the most efficient strain under stress conditions, hence was selected for the pot trials.
Metal mobilization potential of CPSB21. The concentration of water soluble Cr in soil was examined to access the metal mobilization potential of Pseudomonas sp. CPSB21 in soil. Compared with control, the inoculation of CPSB21 for seven days increased the concentration of water soluble Cr in soil (Fig. 2) , which was 7.5, 11.2, and 16.7-fold higher than those in the control soil for 50, 100, and 200 mg kg −1 treatments, respectively.
Pot trials. The effects of isolate CPSB21 on the growth of sunflower and tomato plants under Cr 6+ stress is shown in Table 2 . Under Cr 6+ stress, a substantial reduction in shoot length, root length, fresh weight, and dry weight was noticed. However, with CPSB21 inoculation commendable enhancement in all the plant growth parameters was observed in both the plants (Table 2) .
To determine the biochemical response of strain CPSB21 inoculation on sunflower and tomato plants, total chlorophyll, and total soluble proteins were determined. Substantial changes in the total chlorophyll content in the leaves of sunflower and tomato plants were observed with CPSB21 inoculation as compared to control under Cr 6+ stress. The effectiveness of the strain CPSB21 on the enhancement of chlorophyll content and total soluble proteins in sunflower and tomato is described in Table 2 .
Data presented in Fig. 3 for N and P uptake and Fe (as micronutrient) accumulation shows that imposition of Cr 6+ stress (T1, T2, and T3) substantially reduced the uptake of the three nutrients. However, inoculation with added to the soil. An increase in Cr 6+ accumulation in sunflower was observed with CPSB21 inoculation (Fig. 4a) . Also, in this study, no significant enhancement in Cr 6+ uptake with CPSB21 inoculation was observed in tomato plant as compared to control (Fig. 4b) . Moreover, inoculated and un-inoculated root system exhibited greater Cr 6+ accumulation than the shoots.
Antioxidant enzyme activities. The SOD activity in sunflower was increased with increase in Cr 6+ dose (up to 100 mg L −1 ), then it maintained nearly constant, while in tomato an increase in SOD activity was observed with increase in Cr 6+ concentration as compared to control. However, inoculation with strain CPSB21 further increased SOD activity in both the plants. In sunflower, CAT activity was first increased with increase in Cr 6+ concentration, and then it decreased, while in tomato plant, a gradual decrease in CAT activity was observed with increase in Cr 6+ concentration. However, a significant enhancement in CAT activity was observed in both the plants with strain CPSB21 inoculation.
Under Cr 6+ stress, an increase in GPOD activity was observed with increase in Cr 6+ concentration in sunflower, while in tomato it first increased, and then decreased. However, the slight increase in GPOD activity was observed with strain CPSB21 inoculation.
Lipid peroxidation. The effect of un-inoculated and CPSB21 inoculated Cr 6+ treatments on MDA content is shown in Characterization of the isolate CPSB21. The Cr 6+ resistant PGP bacterial strain, CPSB21, was tentatively identified as Pseudomonas sp. on the basis of biochemical and morphological characterization (SM2). Analysis of 16S rRNA gene sequence using BLASTn program at NCBI showed similarity to Pseudomonas sp. The phylogenetic tree of the isolate CPSB21 is shown in Fig. 5 . The nucleotide sequence of the strain CPSB21 is deposited in NCBI database with accession number -MG333693.1
Discussion
In the present study, isolate CPSB21 exhibited maximum P solubilization, however the solubilization decreased with increase in Cr 6+ concentration. This effect may be due to the toxicity of Cr 6+ on the test strains. The decrease in P solubilization by Pseudomonas aeruginosa with increase in Cr 6+ stress had also been reported 19, 20 . Siderophores production was also decreased with increase in Cr 6+ stress. This reduction in siderophores under metal stress may be attributed to the destruction of microbial membrane bound ferric reductase enzymes. Several studies had reported the potential of microorganisms in siderophores production 21, 22 . In addition to PGP potential, metal resistant-PGP bacteria also possess certain traits (acidification, production of iron chelators, siderophores, and organic acids) that can alter the heavy metal mobility and availability to the plants 23 . The results of the present study disclose that isolate CPSB21 facilitated the release of Cr from the soil. These findings suggest that the Cr 6+ resistant PGP Pseudomonas sp. CPSB21 may influence the mobilization of Cr from soil and renders an efficient phytoremediation process.
In the present study, an increase in plant growth parameters was observed with CPSB21 inoculation. This increase in plant growth by CPSB21 under Cr 6+ stress in soil may be attributed to its ability to produce siderophores, IAA, NH 3 , HCN, and P solubilization 24 . Similar to our results, bacterial mediated plant growth in sunflower and tomato under stress conditions has been reported 25, 26 . Moreover, the inoculation of CPSB21 enhanced the chlorophyll content in both the plants. Our results are completely in agreement with the previous study 27 which reported that under stress conditions the metal resistant PGP inoculation could activate the defense mechanism in plants that reverses the loss of chlorophyll content in plants. The bacterial inoculation under stress enables the plant to synthesize more chlorophyll by providing additional nitrogen and iron sources 28 . Cr stress also affects the nutrient uptake by plants in a complex manner. Cr competes with Fe binding sites, hence interferes with Fe absorption in plants. This leads to decrease in Fe accumulation required for chlorophyll and heme biosynthesis 29 . However, inoculation of bacteria improves the nutritional status in plants by an unknown mechanism 30 . In our study, the inoculation of CPSB21 enhanced the uptake of N and P and increased the Fe accumulation under stress. The increase in Fe accumulation by plants upon inoculation might be due to siderophores production by the inoculant CPSB21 that enhanced the availability of Fe to plants under stress 31 . An increase in Cr 6+ uptake by sunflower was observed with strain CPSB21 inoculation. In contrast to our study, decrease in chromium accumulation on inoculation of Bacillus sp. in chickpea was reported previously 32 . This variation in the present study might be due to the difference in plant species, uncontrolled environmental conditions, and plant associated factors such as root exudates, and root associated processes 33 . However, inoculation of the strain CPSB21 has not shown any positive results in response to Cr 6+ uptake in tomato. These results were concurrent with the previous findings 34 which has recorded similar observations upon inoculation of Pseudomonas sp. under Cr 6+ stress in maize plant. Also, greater Cr 6+ accumulation was observed in roots than shoots in both plants. This may be attributed to the poor translocation of chromium from the roots to the shoot system 35 . Plants employ detoxifying antioxidative system to maintain ROS at an optimum level. The exposure to Cr 6+ stress causes ROS production, hence resulting in high oxidative damage. The antioxidative enzymes include SOD, CAT, and POD. SOD is responsible for converting superoxide into H 2 O 2 , while CAT and GPOD are basically involved in the dismutation of H 2 O 2 to H 2 O and O 2 . However, antioxidant enzyme activities in metal-stressed plants are highly variable, depending on the concentration of metal, plant species, exposure duration, and metal ion 36 . In response to heavy metal stress, SOD activity shows the biphasic response, it may induce with increase in concentration of heavy metals or may increase at a low metal dose further becomes constant with increase in metal concentration 37 . Increase in CAT activity in response to metal stress is observed in many plants 38 , and an increase in CAT activity is supposed to be an adaptive trait 39 . However, in few studies the decrease in CAT activity with increase in metal concentration is also observed in some plants 40, 41 . The enhanced antioxidant enzyme activity with CPSB21 inoculation in the present study might be due to the increased gene/mRNA expression of plant antioxidant enzymes than un-inoculated plants 15 . MDA formation is a result of lipid peroxidation that can react with free amino-group of protein, causing intra-molecular, and intermolecular cross linking of proteins, thus resulting in cell damage 42 . In the present study, higher MDA was noticed in Cr treated plants (T1, T2, and T3), which may be due to the imbalance between the production and removal of free radical in cells 43 . The decrease in lipid peroxidation with CPSB21 inoculation under stress may be due to the enhanced production of ROS scavenging enzymes. The bacterial inoculation activates the gene expression profile of metal detoxifying enzymes to cope up the metal stress 44 .
Conclusion
A rhizospheric bacteria, Pseudomonas sp. (strain CPSB21), isolated from the tannery effluent contaminated agricultural soil was Cr 6+ resistant and exhibited PGP traits. Inoculation of the isolate CPSB21 to sunflower and tomato enhanced the plant growth, antioxidant enzyme activities and reduced lipid peroxidation. The strain CPSB21 also enhanced the uptake of Cr 6+ in sunflower which suggests the potential of the strain in the enhanced phytoremediation process. The findings indicate the potential of the strain CPSB21 for bioremediation of Cr 6+ contaminated agricultural soils.
Methods
Analysis of soil samples. Rhizospheric soil samples were collected from the Cr contaminated agricultural fields nearby tannery industrial area in Jajmau, Kanpur, India. Collected samples were air dried, sieved, and kept for the analysis. A part of the samples was kept in dark at 4 °C for microbial studies. Soil pH and electrical conductivity (EC) were determined by soil: water (1:2.5 w/v) suspension. Organic carbon (OC) was determined by rapid dichromate oxidation technique 45 , available nitrogen (Av. N) by alkaline permanganate method 46 , available phosphorus (Av. P) 47 , and available potassium (Av. K) by ammonium acetate extraction method 48 . The Cr 6+ concentration was determined as per US EPA 3060a 49 .
Isolation of Cr
6+ resistant strains. The Cr 6+ resistant strains were isolated by serial dilution and pour plate methods using Sucrose Low Phosphate (SLP) agar media (sucrose-1%, (NH 4 ) 2 SO 4 -0.1%, K 2 HPO 4 -0.05%, MgSO 4 -0.05%, NaCl -0.01%, yeast extract -0.05%, pH -7.2) amended with 50 mg L −1 Cr 6+ . This media was designed to avoid metal salt precipitation. The plates were incubated at 30 °C for 5 days. The isolates were tested for minimum inhibitory concentration (MIC) by gradual increase in Cr 6+ (50-1200 mg L −1 ) amended on SLP plates over 5 days of incubation.
PGP traits of the isolates under Cr
6+ stress. The phosphate solubilization potential of the bacterial isolates was tested using Pikovskaya's broth 50 . The IAA production was quantitatively analyzed using Salkowski's reagent 51 with 0.2% tryptophan. Siderophores secretion by the isolated strains was tested qualitatively using blue agar 52 (Himedia, India) containing CAS dye with graded Cr 6+ concentrations. NH 3 and HCN produced were evaluated as per the standard protocols 53, 54 .
Pot trials. Seeds of sunflower and tomato were used in this experiment, while the soil sample was collected from the agricultural field nearby tannery industrial area in Jajmau, Kanpur, India.
The procured seeds were surface sterilized using 70% ethanol followed by 3% hypochlorite solution for 3 min and were shade dried. Sterilized seeds were coated with isolated CPSB21 by dipping the seeds in culture broth (10 8 cells mL
) for 2 h using gum Arabic (10%) as an adhesive. The seeds dipped in sterile distilled water served as control. The treated and untreated seeds of sunflower and tomato (5 seeds per pot) were sown in clay pots containing 3 kg sterilized soil. The Cr 6+ concentration in the pots was maintained to 50, 100, and 200 mg kg −1 . The soil samples were left for two weeks for metal stabilization. On total seven treatments were set up in triplicate in a complete randomized design for both plants. The details of the treatments are: T0 (control, uncontaminated soil), T1 (soil-50 mg kg −1 ), T2 (soil-100 mg kg −1 ), T3 (soil-200 mg kg −1 ), T4 (soil-50 mg kg −1 + CPSB21), T5 (soil-100 mg kg −1 + CPSB21), T6 (soil-200 mg kg −1 + CPSB21). After germination, the plants were thinned to two per pot. The pots were kept in open conditions and watered with tap water daily. Plants were harvested after 90 days of seed sowing and roots were washed with deionized double distilled water and dried. Root and shoot were separated and biomass were recorded after oven drying (70 °C for 5 days). Chlorophyll content, nitrogen (N) and phosphorus (P), and iron (Fe) were determined as per the standard protocols [55] [56] [57] . For Cr 6+ analysis, the plant samples were oven dried at 105 °C for two days (so as to attain constant weight), ashed in a muffle furnace at 600 °C for 6 h, and dissolved with a mixture of 2 M HCl and 1 M HNO 3 . The samples were filtered and final volume was made up to 50 mL 58 . The samples were further analyzed using 1, 5 -diphenylcarbazide. The absorbance was measured at 540 nm using spectrophotometer (UV -1800, Shimadzu, Japan).
Assay of antioxidant enzymes. For enzyme extraction, fresh leaf samples (0.5 g) were ground with mortar and pestle and homogenized in an ice cold potassium phosphate buffer (10 ml, pH 7.0). The homogenate was centrifuged at 4 °C for 20 min at 12,000 rpm. The resulting supernatant was stored at 4 °C for determination of various antioxidant enzymes. SOD activity was measured through the photoreduction of nitroblue tetrazolium chloride (NBT) 59 . The CAT and G-POD activity was determined as per the standard protocols 60, 61 .
Determination of lipid peroxidation. To sunflower and tomato plants. Briefly, leaf samples (0.4 g) was homogenized in 0.1% trichloroacetic acid (6 ml) and centrifuged at 10000 RPM for 10 min. To the supernatant (1 ml), 20% trichlorocaetic acid (4 ml) containing 0.5% thiobarbituric acid was added. The mixture was heated at 95 °C for 30 min and the absorbance was taken at 532 nm and 600 nm 62 .
Characterization of the isolate CPSB21. Morphological and biochemical identification tests of the isolated bacterial strain CPSB21 were carried out by the standard protocol outlined in Bergey's Manual of Systemic Bacteriology. Molecular identification of the isolates was done using 16S rRNA gene sequencing. The primers 27 F (5′-AGAGTTTGATCMTGGCTCAG-3′) and 1492 R (3′-TACGGYTACCTTGTTACGACTT-5′) were used for amplification. PCR was performed using following thermal cycling conditions: denaturation (94 °C for 3 min), annealing (50 °C for 60 Sec), and extension (72 °C for 10 min). Sequencing reactions were performed using an ABI PRISM ® BigDyeTM Terminator Cycle Sequencing Kits with AmpliTaq ® DNA polymerase (FS enzyme) (Applied Biosystems).
Phylogenetic analysis was performed using the obtained sequence followed by the alignment with the NCBI nucleotide database. The closest species related to the sequence were retrieved and analyzed by MEGA software (version 7). The neighbor joining method was employed with bootstrap values generated from 1000 replicates.
Data analysis.
To determine the mean and standard deviation of the data sets, XLSTAT package of MS Excel 2010 was used. One way analysis of variance (ANOVA) followed by Tukey's HSD at 5% (P < 0.05) probability level was performed between different treatments in pot scale study. All treatments were carried out in triplicates.
